Abstract. The aim of the present study was to identify potential prognostic microRNA (miRNA) biomarkers for colon adenocarcinoma (COAD) prognostic prediction using the dataset of The Cancer Genome Atlas (TCGA). The genome-wide miRNA sequencing dataset and corresponding COAD clinical information were downloaded from TCGA. Prognosis-related miRNA screening was performed by genome-wide multivariable Cox regression analysis and used for prognostic signature construction. Ten miRNAs (hsa-mir-891a, hsa-mir-6854, hsa-mir-216a, hsa-mir-378d-1, hsa-mir-92a-1, hsa-mir-4709, hsa-mir-92a-2, hsa-mir-210, hsa-mir-940 and hsa-mir-887) were identified as prognostic miRNAs and used for further prognostic signature construction. The 10-miRNA prognostic signature showed good performance in prognosis prediction (adjusted P<0.0001; adjusted hazard ratio, 4.580; 95% confidence interval, 2.783-7.538). In the time-dependent receiver operating characteristic analysis, the area under the curve was 0.735, 0.788, 0.806, 0.806, 0.775 and 0.900 for 1-, 2-, 3-, 4-, 5-and 10-year COAD overall survival prediction, respectively. Comprehensive survival analysis suggested that the 10-miRNA prognostic signature is an independent prognostic factor in COAD, with a better performance in COAD overall survival prediction than other traditional clinical parameters. Functional enrichment indicated that the corresponding target genes were significantly enriched in multiple biological processes and pathways, including regulation of cell proliferation, cell cycle, cell growth, and Wnt and transforming growth factor-β signaling pathways. In conclusion, our present study identified a 10-miRNA expression signature that may serve as a potential prognostic biomarker in COAD patients.
Introduction
Colorectal cancer (CRC) is the third most commonly diagnosed cancer in men and the second in women; it is a malignant digestive tumor, with ~1,360,600 new cases diagnosed and 693,900 deaths from CRC occurring in 2012 (1). The incidence rate of CRC is higher in men than in women in most parts of the world (1) , and CRC is currently the fourth leading cause of cancer-related death worldwide (2) . The incidence of CRC varies among countries, and the mortality rates of CRC are decreasing in many countries worldwide because of CRC screening, reduced prevalence of risk factors, and improved treatments (1) . CRC incidence and mortality rates in China showed an upward trend between 2000 and 2011 (3) . CRC is the fifth most commonly diagnosed cancer and the fifth leading cause of cancer-related death in China (3). The age-standardized 5-year relative survival from CRC in China, which is determined from the cancer registries, is estimated at 47.2% (4) . CRC can be divided into three types according to histological classification, and most colon cancers are colon adenocarcinoma (COAD). The major subtypes of COAD are non-mucinous adenocarcinoma, mucinous or colloid adenocarcinoma, and signet ring cell carcinoma.
MicroRNAs (miRNAs) are small, single-stranded RNAs of 21-23 nucleotides (nt) in length that play important roles in the post-transcriptional control of gene expression (5) . An increasing number of studies show that miRNAs play crucial roles in cancer. Abnormal miRNA levels in CRC have been reported in many studies, and these miRNAs may have potential applications as biomarkers in the diagnosis and prognosis of CRC (6,7). Therefore, using whole genome technology to screen for potential prognostic miRNA biomarkers of CRC is necessary and effective. Advances in genome-wide high-throughput technology led to the development of a project in the united States named The Cancer Genome Atlas (TCGA), which attempted to map out the genome variations of human cancers by applying genomic analysis techniques (8, 9) . In addition, multiple genome-wide datasets of cancers are open access, including the COAD miRNA-sequencing (miRNA-seq) dataset. The aim of the present study was to identify potential prognostic miRNA biomarkers for patients with COAD using the miRNA-seq dataset from TCGA. An miRNA expression-based prognostic signature was generated, and the potential role of the corresponding miRNA target genes in the overall survival (OS) of patients with COAD was investigated.
Materials and methods
Data source and pre-processing. The miRNA-seq, RNA-sequencing (RNA-seq) dataset, and corresponding clinical information were download from TCGA (https://portal.gdc. cancer.gov/, accessed February 11, 2018) (10) . The raw data of miRNA-seq and RNA-seq were normalized by the DESeq package in the R platform, and miRNAs showing mean expression values >1 were included in the subsequent analysis (11) . Since all datasets of COAD included in the present study were downloaded from TCGA, additional approval by an Ethics Committee was not needed.
Screening of prognosis-related miRNAs. Survival analyses were performed in patients with normalized expression of miRNAs and OS profiles. Patients were divided into lowand high-expression groups according to the median gene expression levels. The prognostic value of each miRNA was assessed by multivariate Cox proportional hazards regression analysis using a survival package in the R platform, and the low expression group was set as a reference group. An adjusted P-value cutoff of 0.05 was considered statistically significant and identified as prognosis-related miRNAs.
Construction of an miRNA expression-based prognostic signature. A prognosis risk score was established based on a linear combination of gene expression level multiplied by a regression coefficient (β)-identified as the weight derived from multivariate Cox proportional hazards regression analysis, in which the prognostic miRNAs were fitted in the multivariate Cox regression model with OS as a dependent variable. The risk score formula was as follows (12) (13) (14) (15) : Risk score = expression of miRNA 1 x β 1 miRNA 1 + expression of miRNA 2 x β 2 miRNA 2 + …expression of miRNA n x β n miRNA n . Patients were divided into high-and low-risk groups according to the risk score median values. To evaluate the predictive accuracy of this miRNA expression-based prognostic signature for CRC outcome, a time-dependent receiver operating characteristic (ROC) curve was constructed using the survivalROC package in the R platform (16) .
Comprehensive survival analysis of the miRNA expression-based prognostic signature. A stratified and joint effect survival analysis was performed to investigate the association between the risk score and the clinical characteristics of CRC in respect to the miRNA expression-based prognostic signature. A nomogram was constructed to assess the individualized prognosis prediction model based on the clinical characteristics and risk score. (19, 20) , and miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/, accessed February 28, 2018) (21, 22) algorithms were used to predict the target genes of these prognostic miRNAs. The overlapping target genes in these three databases were identified as miRNA-target genes and used for further enrichment analysis. The miRNA-target gene interaction networks were constructed using Cytoscape v3.4.0. The functional enrichment of these miRNA-target genes was performed using the Database for Annotation, Visualization and Integrated Discovery v6.8 (DAVID v6.8; https://david.ncifcrf.gov/home.jsp, accessed February 28, 2018) (23, 24) and visualized with the ggplot2 package.
Statistical analysis. Clinical features associated with OS were analyzed using the log-rank test, and those with a P<0.05 were entered into the multivariate Cox proportional hazards regression model for adjustment. A value of P<0.05 was considered statistically significant. All statistical analyses were performed with SPSS version 20.0 (IBM Corporation, Armonk, NY, uSA) and R 3.3.0 (https://www.r-project.org/).
Results

Study population.
There were 444 cases identified in the miRNA-seq dataset, and the corresponding survival profiles were downloaded from the TCGA data portal (10) . Patients lacking survival data and those with a survival time of zero were excluded from the study. A total of 425 COAD patients were included in the study and further analyzed. Information on age, sex and tumor stage was obtained from the TCGA portal. Tumor stage was significantly associated with COAD OS, and advanced stages were significantly correlated with an increased risk of death [stages I and II vs. stages III and IV: log-rank P<0.0001; hazard ratio (HR), 3.204; 95% confidence interval (CI), 2.069-4.963; Table I ]. Therefore, tumor stage was included in the multivariate Cox proportional hazards regression model for adjustment.
Screening of prognosis-related miRNAs. After normalization, a total of 578 miRNAs were included in the screening for prognosis-related miRNAs. Multivariate Cox proportional hazards regression analysis was performed with the survival package in the R platform after adjusting for tumor stage and grouping by the median value of each miRNA. The analysis identified 30 miRNAs that were significantly associated with COAD OS (Table II) . Among these 30 miRNAs, those with expression values of zero in more than half of the samples were excluded. Finally, 27 prognostic miRNAs were included in the evaluation of the prognostic signature combination using the 'step' function.
Prognostic signature construction. After evaluation using the 'step' function for these 27 prognostic miRNAs, the most effective combinations based on the expression of candidate prognostic miRNAs were selected. The following 10 prognostic miRNAs were used for construction of the prognostic signature: hsa-mir-891a, hsa-mir-6854, hsa-mir-216a, hsa-mir-378d-1, hsa-mir-92a-1, hsa-mir-4709, hsa-mir-92a-2, hsa-mir-210, hsa-mir-940 and hsa-mir-887. The results of the Kaplan-Meier analysis of these prognosis-related miRNAs are shown in Fig. 1A -J. The relative contribution of these prognostic miRNAs was assessed using the multivariate Cox proportional hazard regression model, with the multivariate Cox regression coefficient (β) as the weight. The risk score formula was as follows: risk score = hsa-mir-891a x (0.185) + hsa-mir-6854 x (-0.215) + hsa-mir-216a x (0.430) + hsa-mir-378 d-1 x (0.471) + hsa-mir-92a-1 x (-4.915) + hsa-mir-4709 x (0.23 3) + hsa-mir-92a-2 x (5.104) + hsa-mir-210 x (0.271) + hsa-mir-940 x (-0.247) + hsa-mir-887 x (0.446). Patients were divided into low-and high-risk groups according to the median risk scores, and survival analysis indicated that patients with high risk scores were significantly associated with a poor clinical outcome and increased risk of death (adjusted P<0.0001; adjusted HR, 4.580; 95% CI, 2.783-7.538; Fig. 2A and B) . Time-dependent ROC curve analysis was used to evaluate the predictive accuracy of this prognostic signature, and the results suggested that the prognostic signature identified in the current study performed well regarding 1-, 2-, 3-, 4-, 5-and 10-year survival predictions. The area under the curve (AuC) for 1-, 2-, 3-, 4-, 5-and the 10-year predictions were 0.735, 0.788, 0.806, 0.806, 0.775 and 0.900, respectively (Fig. 2C) . The distribution of the expression of miRNAs in the high-and low-risk groups is shown in Fig. 3A , and the distribution of miRNA expression according to tumor stage is shown in Fig. 3B and C.
Comparison of the expression levels of the identified miRNAs between different tumor stages showed that hsa-mir-216a expression was considerably higher in tumor stage IV than in tumor stage I and significantly increased in advanced tumor stages. These results indicated that hsa-mir-216a may play a role in COAD progression.
Stratified and joint effects analysis. The relation between the prognostic signature and the clinical characteristics associated with COAD OS was further investigated by performing a comprehensive analysis of the nomogram, stratified and joint effects survival analysis. Stratified analysis indicated that patients with a high-risk score showed a significantly increased risk of death in all favorable strata and all adverse strata except in patients with stage I (Fig. 4A) . A nomogram was visualized by rms and its auxiliary packages based on the clinical characteristics of COAD and risk scores; results demonstrated that the 10-miRNA prognostic signature contributed the most risk points (ranged 0-100), whereas the other clinical characteristics contributed much less (Fig. 4B) .
Joint effects survival analysis of the 10-miRNA prognostic signature and clinical parameters suggested that this prognostic signature performed well in COAD OS predictions, and its combination with clinical parameters significantly associated with COAD OS considerably increased its predictive value for COAD OS (Fig. 5A-D and Table III) .
Target prediction and enrichment analysis. The target genes of the 10 miRNAs were analyzed using three independent miRNA target gene prediction websites: TargetScan, miRDB and miRTarBase. Target genes overlapping in the three websites were regarded as miRNA-target genes. Among the 10 miRNAs, hsa-mir-216a, hsa-mir-887, hsa-mir-92a-1, hsa-mir-210, hsa-mir-891a, hsa-mir-92a-2, hsa-mir-6854, and hsa-mir-4709 had overlapping target genes in the three websites (Fig. 6 ). Enrichment analysis of these target genes was performed using DAVID v6.8. Gene Ontology (GO) term enrichment results suggested that the target genes were significantly enriched in the Wnt signaling pathway, calcium modulating pathway, regulation of protein phosphorylation, regulation of cell cycle, negative regulation of cell growth, negative regulation of cell proliferation, regulation of transcription, and DNA-templated biological processes (Fig. 7A) . Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis indicated that these target genes were significantly correlated with the transforming growth factor-β (TGF-β) signaling pathway (Fig. 7B) .
Among these 425 patients in the miRNA-seq cohorts, 423 patient tumor samples received RNA sequencing, and the RNA-seq dataset was also normalized using the DESeq package in the R platform (12) . To further investigate the role of the identified target genes in COAD OS, survival analysis was performed using the survival package. Among 164 target genes identified, 11 were significantly correlated with COAD OS in the (Table IV) . The Kaplan-Meier curves of these 11 target genes are shown in Fig. 8A -K. 
Discussion
TCGA uses a genome-wide approach to reveal the genetic characteristics of cancers, and these datasets are open access (10, 25) . Numerous previous studies have used the TCGA dataset to screen for diagnostic and prognostic biomarkers for several cancers including COAD (26) (27) (28) . Wang et al identified eight differentially expressed miRNAs as potential diagnostic biomarkers for COAD by comparing tumor and adjacent non-tumor tissues from TCGA using a genome-wide screening approach (26) . Yang et al identified and validated several miRNAs (miR-15b, miR-215, miR-145, miR-192, and let-7g) that are significantly correlated with progression-free survival and/or OS in patients with COAD (27). Jacob et al identified a 16-miRNA signature as an independent biomarker of recurrence in patients with stage II and III COAD using a LASSO regression analysis (28) . However, these studies did not fully examine the COAD miRNA dataset of TCGA. The present study, on the other hand, used the survival package to perform a multivariate survival analysis of each miRNA associated with COAD, and then constructed a prognostic signature, using the step function to screen for the optimum combination of these independent prognostic miRNAs. In addition, we used the prognostic signature to construct a nomogram, and explored its efficacy for determining individualized prognostic scores. In the present study, we identified a 10-miRNA prognostic signature for COAD prognosis prediction. Among the miRNAs identified, seven (hsa-mir-891a, hsa-mir-216a, hsa-mir-92a-1, hsa-mir-92a-2, hsa-mir-210, hsa-mir-940, and hsa-mir-887) were previously reported to have crucial roles in cancer. Of these seven miRNAs, hsa-mir-891a, hsa-mir-92a-1, hsa-mir-92a-2, and hsa-mir-887 were analyzed in studies for their potential role in cancer. Ye et al reported that hsa-mir-891a is overexpressed in the exosomes of human nasopharyngeal carcinoma (NPC) sera or cells, and its involvement in the mitogen-activated protein kinase signaling pathway affects cell proliferation and differentiation (29) . Previous studies have shown that hsa-mir-92a-1 is upregulated in prostate cancer and esophageal cancer by analyzing the miRNA-seq dataset from TCGA, and may have potential clinical applications in cancer diagnosis (30, 31) . A six miRNA expression-based prognostic signature constructed by Xiao et al, including hsa-mir-92a-1, performed well in prostate cancer prognosis prediction (30) . Another miRNA belonging to the hsa-mir-92a cluster, hsa-mir-92a-2, was found to be markedly upregulated in the tumor tissues of small cell lung cancer (SCLC) patients with chemoresistance, compared with patients without chemoresistance. These authors also observed that higher tumor miR-92a-2 levels are significantly associated with chemoresistance and prognosis in patients with SCLC (32) . miR-887-5p expression was found to be markedly higher in the sera of endometrial cancer patients than in those of healthy subjects, and may serve as a potential diagnostic biomarker for endometrial cancer (33) .
The involvement of miR-216a in tumorigenesis was reported previously; however, miR-216a has different functions in various types of cancer and can act either as a tumor suppressor or as an oncogenic miRNA (34) (35) (36) (37) (38) (39) (40) (41) . The tumor suppressor role of miR-216a was observed in multiple types of cancer including CRC, non-small cell lung cancer (NSCLC), oral squamous cell carcinoma, and pancreatic cancer (PC), and it is downregulated in these cancer tissues. Overexpression of miR-216a reduced the migration and invasion of CRC cells in vitro, and inhibited xenograft tumor metastasis in vivo (35) . In addition, low expression of miR-216a in NSCLC tumor tissues was found to be significantly associated with poor OS (36) . However, a study by Xia et al demonstrated an opposite role of miR-216a in hepatocellular carcinoma (HCC), showing that miR-216a is upregulated in HCC tumor tissue samples and its upregulation is associated with tumor recurrence (34) . miR-216a was identified as a prognostic biomarker for HCC recurrence, and high expression of miR-216a in HCC tumor tissues was demonstrated to be significantly correlated with poor disease-free survival (34) . The present findings were consistent with those of previous studies, as we showed that high expression of miR-216a in CRC tumor tissues was significant associated with poor OS. Therefore, the specific role of miR-216a in different cancers needs further confirmation.
Several previous studies reported that miR-210 is a marker of hypoxia and it is upregulated in cells with low oxygen (42) . Hypoxia induces the dysregulation of several miRNAs, which in turn increase the adaptive response to low oxygen in tumors (42, 43) . miR-210 expression is increased in CRC tumor tissues (44, 45) and in hypoxic CRC cells (45) (46) (47) . Hypoxia-induced upregulation of miR-210 was found to promote the self-renewal capacity of colon tumor-initiating cells by repressing iron-sulfur cluster assembly enzymes and by inducing lactate production (45) , and autophagy was demonstrated to contribute to the reduction in radiosensitivity in the hypoxic environment mediated by the hypoxia-inducible factor 1α/miR-210/ B-cell lymphoma 2 pathway in CRC (47). Chen et al reported that the upregulation of miR-210 in CRC after surgery and chemotherapy may indicate local recurrence, distant metastasis and poor prognosis (44) . The results of the present study support previous reports by showing that high expression of miR-210 was significantly associated with poor OS in COAD. Furthermore, previous studies also suggested miR-210 as a prognostic biomarker in multiple cancers, and overexpression of miR-210 is significantly associated with poor clinical outcomes (48) , including in HCC (49), breast cancer (50-53), glioma (54, 55) , and pediatric osteosarcoma (56) . However, the potential roles of miR-210 in cancer are complex, and overexpression of miR-210 predicts a better prognosis in lung cancer (57) and renal cancer (58) . In addition, dysregulation of miR-210 shows a potential diagnostic value in cancers, as miR-210 is upregulated in HCC (49), glioma (54, 55) , renal cancer (58) , and pediatric osteosarcoma (56) tumor tissues.
Another miRNA, hsa-mir-940, was identified previously for its involvement in cancer. It acts as a tumor suppressor miRNA in multiple cancers including NPC (59) , HCC (60, 61) , ovarian cancer (OC) (62, 63) , prostate cancer (64), triple-negative breast cancer (TNBC) (65) , and pancreatic ductal adenocarcinoma (PDAC) (66) . However, hsa-mir-940 also plays an oncogenic role in gastric cancer (GC) (67) and pancreatic carcinoma (JF305 and SW1990 cell lines) (68) . Expression of hsa-mir-940 is markedly downregulated in HCC (60, 61) , prostate cancer (64) , TNBC (65) , and PDAC (66) tumor tissues, as well as in GC serum (69) . However, hsa-mir-940 upregulation was also reported in GC tumor tissues (67) and PC salivary samples (70) . Furthermore, hsa-mir-940 showed a good performance as a prognostic marker in HCC (60, 61) , OC (63), PDAC (66) , and GC (67) . High expression of hsa-mir-940 is significantly associated with better clinical outcomes in HCC (60, 61) , OC (63) , and PDAC (66) , whereas it predicts a poor OS and recurrence-free survival in GC (67) .
The present study had several limitations. First, the clinical parameters downloaded from TCGA database were not comprehensive, and we were unable to perform a comprehensive evaluation of the risk scores model. Second, there was no additional validation cohort in this study; therefore, an extra validation cohort is needed to confirm our results.
Despite these limitations, the present study constructed a 10-miRNA expression-based prognostic signature that may serve as an independent indicator of COAD OS, and it performed better than other traditional clinicopathological parameters. We also assessed the potential functions of these miRNAs using GO and KEGG enrichment analysis and identified the potential roles of their target genes in COAD prognosis. These results may improve our understanding of the role of miRNAs in COAD prognosis, and may have potential clinical application value in COAD prognosis monitoring and for guiding treatment strategy selection.
In conclusion, in the present study, we screened the genome-wide miRNA-seq data of COAD from TCGA and identified a 10-miRNA expression-based signature that may serve as an independent indicator of COAD prognosis. However, the present findings require further verification in future studies.
